In an organometallic CH 3 NH 3 PbI 3 (MAPbI 3 ) perovskite solar cell, we have demonstrated a vastly compact TiO 2 layer synthesized by double-step deposition, through a combination of sputter and solution deposition to minimize the electron-hole recombination and boost the power conversion efficiency. As a result, the double-step strategy allowed outstanding transmittance of blocking layer. Additionally, crystallinity and morphology of the perovskite film were significantly modified, provoking enhanced photon absorption and solar cell performance with the reduced recombination rate. Thereby, this straightforward double-step strategy for the blocking layer exhibited 12.31% conversion efficiency through morphological improvements of each layer. Published by AIP Publishing. https://doi.org/10.1063/1.4991633
INTRODUCTION
The organometallic CH 3 NH 3 PbI 3 (MAPbI 3 ) perovskite solar cells have received an enormous attention as next generation photovoltaics due to the potential strength of high power conversion efficiencies (PCEs) and low fabrication cost.
1- 13 The perovskite semiconductor satisfies appropriate and direct bandgap, small exciton binding energy, and balanced ambipolar charge transport properties. [14] [15] [16] [17] [18] Even though the PCE of perovskite solar cell has reached 22.10%, it still has a potential to enhance the performance up to the theoretical limit of 31.40%. 19, 20 The role of blocking layer in the perovskite solar cell is crucial because it prevents the recombination of electrons from a transparent conducting oxide (TCO) to the perovskite layer, impacting hugely on the performance of solar cells. [21] [22] [23] [24] Among various deposition methods, spray-pyrolysis and solution spin-coating are well known techniques in the field of perovskite solar cells due to their low cost and easiness of process. [25] [26] [27] [28] [29] In 2014, a compact layer using atomic layer deposition (ALD) was introduced with high PCE. [30] [31] [32] Nevertheless, ALD is inadequate to the large scale production due to its slow deposition rate and reaction sensitivity. 33 On the other hand, the deposition is extensively utilized in industry owing to the fast deposition rate and compactness of the film and was also introduced with solar cell fabrication.
2,6,10,34,35 Even though the sputtering deposition can construct a compact layer, TiO 2 by sputtering yields some porous structure that allows the carrier recombination, and thereby, post-treatment or further improvement is still required. 35 Herein, we demonstrate the double-step deposition method, through a combination of sputter and solution to construct a vastly compact blocking layer. Compact TiO 2 layer was first deposited by sputtering, and any remaining pores were facilely post-treated through the solution process. As a result, the transmittance and uniformity of the blocking layer were largely improved. Consequently, the utilization of double-step deposition provided a favorable environment for the perovskite growth, leading to the enhancement of crystallinity and morphology of the perovskite layers. Conclusively, this straightforward double-step deposition improved the quality of the perovskite solar cell, reducing the recombination rate and thereby yielding high solar-cell efficiency.
EXPERIMENTAL PROCEDURE

Synthesis of TiO 2 blocking layer
Fluorine-doped tin oxide substrate (FTO, TEC 8: Pilkington) was cleaned by sonication in Mucasol (Aldrich), ethanol (Daejung), and de-ionized (DI) water for 30 min sequentially. The sputter-based TiO 2 blocking layer was fabricated by sputtering system. With the TiO 2 target (anatase, 99.99%, RND Korea), the deposition was performed at room temperature (RT) under an Ar atmosphere with an operating pressure of and rf power of 100 W for 100 min. The solution-based TiO 2 blocking layer was deposited by spin-coating the mixture solution of 0.15 M titanium diisopropoxide bis(acetylacetonate) (75.0 wt. % in iso-propanol, Aldrich) and 1-butanol (Aldrich) at 2500 rpm for 20 s, followed by heating at 125 C for 5 min in an air oven. For the double-step deposition, sputter deposition was first performed for 60 min. Then, the 0.15 M mixture solution was . The substrates with three different conditions were annealed at 500 C for 30 min.
Solar-cell fabrication
After the TiO 2 blocking-layer deposition, TiO 2 pastes (ENB Korea) with 20 nm nanoparticles were mixed with terpineol (Aldrich), followed by spin-coating at 4000 rpm for 30 s, yielding a $350 nm thickness of mesoporousTiO 2 (mp-TiO 2 ) layer. For the perovskite synthesis, the solution of 1.5 M PbCl 2 (Aldrich) diluted in dimethyl sulfoxide (DMSO, Aldrich) was preheated at 100 C, and spin-coated at 2000 rpm for 5 s, followed by 6000 rpm for 5 s on the preheated substrate at 150 C. The film was annealed at 150 C for , cooled down in an ambient condition (25 C and 55% humidity), and dipped into of synthesized CH 3 NH 3 I (MAI) in an anhydrous ethanol solution (Daejung) for 20 min, followed by annealing at 100 C for 30 min.
25,36
The hole transport material (HTM) was prepared by mixing 72.3 mg/ml of spiro-OMeTAD (Merck) in chlorobenzene (Aldrich), with 28.8 ll of (Aldrich) and a 17.5 ll solution of 520 mg of lithium bis(trifluoromethylsulfonyl) imide salt (Aldrich) in 1 ml acetonitrile (Aldrich), and was at 3000 rpm for 45 s. Finally, 100-nm-thick Au electrode was thermally evaporated.
Device characterization
The field-emission scanning electron microscope (FE-SEM; Merlin-Compact: Carl Zeiss) was used to observe the morphologies of blocking layer and MAPbI 3 . The phases of the synthesized samples were characterized by X-ray diffraction (XRD; D8 Advance: Bruker). Elmer), and the electrochemical impedance spectra (EIS) were measured by a potentiostat with 20 mV sinusoidal perturbation and frequencies ranging from 10 À1 to 10 5 Hz. The topography data were obtained utilizing atomic-force microscopy (AFM; XE-70: Park System). An external quantum efficiency (EQE) measurement system (K3100; McScience, Korea) was used to obtain the EQE spectra.
RESULTS AND DISCUSSION
To resolve the carrier recombination problem, a highly compact blocking-layer is required. While sputter deposition is one option with energetic sputtered atoms ($5 eV), it still yields a porous structure that allows some recombination. 35 ,37 Therefore, we have deposited TiO 2 by sputtering first and then filled up any porous channels with solutionbased precursors (with the optimization step as illustrated in Table S1 and Fig. S1 , supplementary material). Schematics and (Fig. 1) represent the expected nanostructures of the blocking layer, and the arrow size indicates the level of carrier recombination, which would be controlled by the compactness of blocking layer. However, band alignment of all three conditions stays the same, because sputter and solution both yield anatase-phase TiO 2 . 38, 39 Previous studies identified that sputter-deposited blocking layer performs better than that of the solution owing to the high compactness of the film. 34 However, the cross-sectional and plan views of the sputter deposition present inevitable pinholes that can seriously degrade the cell performance [ Fig. 2(a) ]. In addition, the cross-sectional image of solution deposition provides nonuniform and porous structure, with clear pinholes in plan view [ Fig. 2(b) ]. In contrast, the double-step deposition has more dense morphology with high uniformity [Fig. 2(c) ]. For the rational comparison, the blocking layers were deposited with an equal thickness of for each deposition, which is an optimum value for sputtered TiO 2 as shown in Fig. S2 (supplementary material). Transmittance was measured in Fig. 3 . Both solution and sputter-deposited TiO 2 blocking layer obstructed a bit less than 60% of light at $300 nm region, where the transmission onset begins at $390 nm (bandgap of TiO 2 ¼ 3.2 eV). 40 On the other hand, the double-step deposition blocked approximately 90% of light, which indicates lower transmittance than that of sputter-or solution-based blocking layer. Also, solution-deposited TiO 2 shows some humps between 350 and 600 nm regions. These humps indicate the high roughness of film that addresses the poor quality of the film [also shown in Fig. 2(b) ]. 41 Despite the compactness of the blocking layer, lower transmittance of double-step deposition can hinder the generation of photo-induced electrons under 350 nm region (bandgap region of TiO 2 ). However, the extent of solar irradiation is comparatively low under 350 nm, whereas the visible region has high solar irradation. 42 Therefore, the detrimental effect of low wavelength region is negligible, and the compactness of TiO 2 is highly important with the satisfaction of good layer construction, efficient charge transport, and less possibility of carrier recombination in the solar cell. On top of the fabricated blocking layer, mp-TiO 2 layer was additionally deposited to transport electrons more efficiently from the perovskite. 23, 43 The SEM images in Fig. 4 for each deposition present distinctive perovskite morphologies. As shown in Figs. 4(a) and 4(c), aggregated perovskite grains are constructed by stacking both on a side and top. Therefore, the sputter processed blocking layer yielding a rough semiconductor morphology [ Fig. 4(a) ], whereas solution deposition produced a smooth layer with few pinholes [Fig. 4(b) ]. With the double-step deposition, perovskite was more densely covered [ Fig. 4(c) ]. To further confirm the roughness of film, atomic-force microscopy (AFM) is additionally conducted (Fig. S3, supplementary material) , which revealed higher RMS roughness for the perovskite on the sputter-processed TiO 2 than others, and lowest RMS roughness in solution. Therefore, higher number of aggregated perovskite increased the RMS roughness due to the different grain-growth environment.
As the double-step strategy exhibited distinctive morphologies for both blocking and perovskite layers, additional analyses were performed to advocate the synergetic effect of double-step deposition. Figure 5 (a) illustrates X-ray diffraction of the perovskite with each blocking-layer method. The double-step deposition exhibited the highest crystallinity compared with either sputter or solution deposition (grain sizes of each condition is calculated in Table I ), and these phenomena can be addressed from the previous report that perovskite does not crystallize sufficiently on the FTO substrate. [43] [44] [45] Therefore, highly compact blocking TiO 2 layer by the doublestep deposition can be a useful method to produce excellent quality of crystallized perovskite. Furthermore, the sputtering deposition resulted in the lowest transmittance, and the second lowest for the double-step [ Fig. 5(b) ]. Due to the aggregation phenomena of sputter and double-step shown in Fig. 4 , perovskite layer by sputter deposition transmitted less light compared to that of double-step. However, since device performance does not depend solely on the light transmittance of photon absorber, further investigation of other layers and devices should be elucidated.
To understand the effect of blocking layer in a solar cell performance, J-V curve was measured, and the highest PCE of 12.31% was achieved with the double-step deposition [ Fig. 5(c) , Table II ], and reproducibility is checked as shown in Table S2 and Fig. S4 (supplementary material) . As shown in Fig. 5(d) , EQE spectra of solar cells exhibited the highest value for the double-step deposition, especially at long wavelength region. Even though the light absorption in the sputter-based perovskite solar cell was higher than that in the double-step deposition, compactness of blocking layer and well-crystallized perovskite in the double-step based perovskite solar cell collects charge carriers better than that of sputter or solution.
For the further investigation of devices, impedance spectroscopy was carried out under dark condition at various voltages (Fig. 6) . Tendency of semi-circle at each voltage elucidates that the double-step has the highest recombination resistance, whereas solution reached the lowest (with the calculation values in Table III) . Conclusively, recombination resistance of double-step can be explained by the dense morphology of blocking and perovskite layer, and the solution process yielded the lowest resistance owing to its porous and pinhole structure of the blocking layer, which critically causes the carrier recombination. Additional Nyquist-plot data with the fitting profile are shown in Figs. S5 and S6 (supplementary material).
CONCLUSIONS
In this article, we have proposed a straightforward double-step method, consisting sputter/solution deposition to synthesize highly compact blocking layer. As a result, the deposition achieved the highest recombination resistance and PCE when it was compared with the individual sputtering or solution scheme. With the outstanding transmittance of the double-step blocking layer, the improved crystallinity and morphology of the perovskite layer provided a positive impact on the solar cell performance. We are further investigating the utilization of smaller TiO 2 nanoparticles and uncomplicated route to construct more efficient blocking layer for higher solar-cell efficiency.
SUPPLEMENTARY MATERIAL
See supplementary material for optimization and reproducibility of devices, and AFM mapping of perovskite films. 
